Introduction
============

Lung cancer remains to be the leading cause of cancer-associated mortality worldwide, where the rate of incidence continues increasing ([@b1-etm-0-0-8847]). According to the GLOBOCAN reports, the incidence of lung cancer stood at 2.1 million occurred worldwide as of 2018, compared with 1.8 million in 2012 ([@b2-etm-0-0-8847],[@b3-etm-0-0-8847]). Non-small cell lung cancer (NSCLC) is the predominant type of lung cancer, accounting for \~80% of all reported cases ([@b4-etm-0-0-8847]). Recently, lung adenocarcinoma (LUAD) has been reported to be the most predominant subtype of NSCLC that is experiencing the fastest growth in incidence ([@b5-etm-0-0-8847]). Cisplatin is used extensively as the front-line treatment option for NSCLC and has been reported to improve the survival outcomes of patients by impairing the structure and function of DNA in cancer cells ([@b6-etm-0-0-8847]). However, its efficacy is frequently hindered by the development of chemoresistance ([@b7-etm-0-0-8847]). Tumor cells that are resistant to chemotherapy exhibit characteristics of malignant behavior, including high proliferative capability and potent antiapoptotic ability ([@b8-etm-0-0-8847],[@b9-etm-0-0-8847]). Although studies on cisplatin resistance have been performed previously ([@b10-etm-0-0-8847]), the molecular mechanism underlying tumor drug resistance remains poorly understood.

Over the past number of decades, cancer stem cells (CSCs) have attracted widespread attention due to their capabilities of self-renewal and differentiation during cellular stress or drug resistance ([@b13-etm-0-0-8847],[@b14-etm-0-0-8847]). CSCs have been reported in several types of human cancer, including LUAD ([@b15-etm-0-0-8847],[@b16-etm-0-0-8847]). Cluster of differentiation 133 (CD133) has been previously demonstrated to be a key marker of lung CSCs, which have the ability to grow indefinitely into tumor spheres in serum-free medium supplemented with epidermal growth factor (EGF) and basal fibroblast growth factor (bFGF) ([@b17-etm-0-0-8847]). Additionally, high expression levels of pluripotency factors, including SRY-Box 2 (SOX2), Octamer-binding transcription factor 4 (OCT4), Kruppel like factor 4 (KLF4), NANOG and ATP binding cassette subfamily G member 2 (ABCG2) are associated with enhanced cancer stem cell-like properties ([@b18-etm-0-0-8847],[@b19-etm-0-0-8847]). Although CSCs represent a small population of total tumor cells, they serve key roles in tumor initiation, progression and resistance to radiotherapy and chemotherapy ([@b20-etm-0-0-8847]). Previous studies have reported that CSCs are under the regulation of a number of signaling pathways, including Wnt/β-catenin, Notch and Hedgehog signaling pathways ([@b21-etm-0-0-8847],[@b22-etm-0-0-8847]). Therefore, inhibition of CSCs by targeting the aforementioned signaling pathways may increase the efficacy of lung cancer therapy.

microRNAs (miRNAs/miRs) are a family of short RNAs that do not encode proteins. They negatively regulate gene expression by direct binding to the 3\'-untranslated region of their mRNA targets and participate in the regulation of several biological processes, including cancer cell proliferation, apoptosis, sensitivity to chemotherapy and CSCs stemness ([@b23-etm-0-0-8847],[@b24-etm-0-0-8847]). Previous studies have demonstrated several types of miRNAs to be either upregulated or downregulated in lung cancer, contributing to chemoresistance and enhancing stem cell-like properties through regulation of CSC-associated signaling pathways. Wang *et al* ([@b25-etm-0-0-8847]) reported that miR-181b overexpression attenuated chemoresistance by regulating cancer stem cell-like properties and the Notch signaling pathway in NSCLC. In addition, miR-708-5p has been revealed to suppress stem cell-like phenotypes in lung cancer by repressing the Wnt/β-catenin signaling pathway ([@b26-etm-0-0-8847]). Previous studies have suggested that upregulated miR-140-3p expression was significantly associated with reduced cell proliferation, invasion, migration and sorafenib resistance in a variety of tumors ([@b27-etm-0-0-8847]). It was also reported previously that miR-140-3p expression was downregulated in lung squamous cell carcinoma (LUSC) ([@b31-etm-0-0-8847]), where it has been demonstrated to function as a tumor suppressor ([@b32-etm-0-0-8847]). However, the expression profile and physiological function of miR-140-3p in LUAD remain poorly understood.

The present study aimed to investigate the effects of miR-140-3p on cisplatin sensitivity and stem cell-like properties of LUAD cells and determine the associated molecular mechanisms that may provide potential therapeutic strategies for the treatment of LUAD.

Materials and methods
=====================

### Bioinformatics analysis

The RNA array dataset GSE74190 obtained from the NCBI/GEO database (<https://www.ncbi.nlm.nih.gov/gds/>) and RNA seq data from The Cancer Genome Atlas (TCGA) database (<https://cancergenome.nih.gov/>) were used to analyze the expression of miR-140-3p in LUAD tissues and adjacent tissues and over survival rate of patients with LUAD. The median value of miR-140-3p expression from the TCGA dataset was used to determine 'low' and 'high' expression.

### Cell culture

The human bronchial epithelial cell line BEAS-2B and lung adenocarcinoma cell lines A549, H1299, H292 and Calu3 were purchased from the American Type Culture Collection. BEAS-2B cells were cultured at 37˚C in 5% CO~2~ in Bronchial Epithelial Basal Medium (Lonza Group Ltd.) supplemented with 10% FBS (HyClone; GE Healthcare Life Sciences), whilst the lung adenocarcinoma cell lines were cultured in RPMI-1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in 5% CO~2~.

### Cell transfection

A549 and Calu3 cells were cultured in six-well plates (8x10^5^ cells/well) and transfected with plasmids (pcDNA3.1-ctnnb1 or pcDNA3.1-vector; Shanghai GenePharma Co., Ltd.) or mimics (miR-140-3p mimics, 5\'-UACCACAGGGUAGAACCACGG-3\' or control mimics, 5\'-GCAAGAGACAAGCGCUUAGCC-3\'; Shanghai GenePharma Co., Ltd.), using Lipofectamine^®^ 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Briefly, the plasmids (2 µg) or mimics (50 nM) were added to 200 µl Opti-MEM medium (Gibco; Thermo Fisher Scientific, Inc.) in one vial, whilst 4 µl Lipofectamine^®^ 2000 was diluted in 200 µl Opti-MEM in another vial. Following incubation for 5 min at room temperature, the contents of both vials were combined and incubated for a further 20 min at room temperature before the mixture was added to the cells. The media in each well was then replaced with fresh medium 6 h following incubation with the transfection mixture at 37˚C. The transfected cells were harvested 48 h later for subsequent experimentation.

### Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from the cultured cells using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Total RNA was reverse transcribed into cDNA using the Moloney murine leukemia virus RT kit, with the M-MLV buffer, dNTP and random primers (all from Promega Corporation). The temperature protocol for the reverse transcription reaction consisted of cDNA synthesis at 37˚C for 60 min and termination at 80˚C for 2 min. qPCR was subsequently performed using the SYBR Green Realtime PCR Master Mix (Beijing Solarbio Science & Technology Co., Ltd.) in a Bio-Rad CFX96 system (Bio-Rad Laboratories, Inc.), according to the manufacturer\'s protocols. The primer sequences used for qPCR were designed and synthesized by Guangzhou RiboBio Co., Ltd. ([Table I](#tI-etm-0-0-8847){ref-type="table"}). The following thermocycling conditions were used for the qPCR: Initial denaturation at 95˚C for 2 min, followed by 40 cycles 94˚C for 20 sec and 60˚C for 30 sec, and final extension at 72˚C for 30 sec. Relative mRNA or miRNA expression levels were calculated using the 2^-DDCq^ method ([@b33-etm-0-0-8847]) and normalized to the internal reference genes GAPDH and U6, respectively. All experiments were performed in triplicate.

### Cell viability assay

After transfection for 48 h, cells were seeded into 96-well plates (4x10^3^ cells/well) and incubated with RPMI-1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin at 37˚C in 5% CO~2~ overnight. Freshly prepared cisplatin (Jiangsu Haosen Pharmaceutical Group Co., Ltd.) was added at the indicated concentrations (0, 1, 2, 4, 6 and 8 µg/ml). After treatment for 24 h at 37˚C in 5% CO~2~, cells were incubated with 20 µl MTT reagent (Sigma-Aldrich; Merck KGaA) at 37˚C for 4 h. Following MTT incubation, the purple formazan crystals were dissolved using dimethyl sulfoxide (100 µl/well) and cell viability was subsequently analyzed at a wavelength of 590 nm, using a microplate reader (Bio-Rad Laboratories, Inc.) All experiments were performed in triplicate.

### Colony formation assay

After transfection for 48 h, cells were seeded into 24-well plates (1x10^5^ cells/well) and incubated with RPMI-1640 medium at 37˚C in 5% CO~2~ overnight. Subsequently, cells were cultured in RPMI-1640 medium supplemented with cisplatin (5 µg/ml) for 24 h at 37˚C in 5% CO~2~. Cell colonies were fixed with pre-cooled 100% methanol at room temperature for 10 min and stained with 1% crystal violet at room temperature for 20 min. All experiments were performed in triplicate.

### Caspase-3 activity

Caspase-3 activity was assessed using the Caspase-3 Assay kit according to the manufacturer\'s protocol (Sigma-Aldrich; Merck KGaA). Briefly, 1x10^6^ A549 or Calu3 cells were lysed following treatment with cisplatin (5 µg/ml) for 24 h at 37˚C in 5% CO~2~. Assays were performed in 96-well microtiter plates by incubating 10 µl protein of cell lysate/sample, which was quantified using the bicinchoninic acid assay kit (Pierce; Thermo Fisher Scientific, Inc.), in 80 µl reaction buffer (1% NP-40, 20 mmol/l Tris-HCl \[pH 7.5\], 137 mmol/l NaCl, and 10% glycerol) supplemented with 10 µl caspase-3 substrate (2 mmol/l Ac-DEVD-pNA). Lysates were incubated at 37˚C for 4 h and caspase-3 activity was subsequently analyzed at a wavelength of 405 nm, using a microplate reader (Bio-Rad Laboratories, Inc.). Caspase-3 activity was determined by calculating the ratio of optical density at 450 nm of the cisplatin treated cells to that of untreated cells. All experiments were performed in triplicate.

### Flow cytometric analysis

A549 or Calu3 cells were harvested at a density of 1x10^6^ and washed twice with PBS supplemented with 0.5% BSA fraction V (Gibco; Thermo Fisher Scientific, Inc.) and 2 mM EDTA (Sigma-Aldrich; Merck KGaA), prior to incubation with CD133-phycoerythrin antibody (1:50; cat. no. 372803; BioLegend, Inc.) for 15 min at room temperature. Cells were washed twice with PBS and analyzed using a BD FACSCalibur™ ﬂow cytometer (BD Diagnostics; Becton, Dickinson and Company) and the FlowJo software (version 10; FlowJo, LLC) ([@b34-etm-0-0-8847]). All experiments were performed in triplicate.

### Tumor sphere formation assay

Transfected cells were seeded into six-well ultra-low attachment culture plates (Corning Inc.) at a density of 3x10^3^ cells/well and incubated in DMEM/F12 serum-free medium supplemented with 20 ng/ml EGF, 20 ng/ml bFGF, 5 µg/ml insulin, 0.4% BSA and 2% B-27 (Invitrogen; Thermo Fisher Scientific, Inc.) for 6 days at 37˚C in 5% CO~2~. The tumor spheres (diameter \>100 µm) were subsequently counted and images were captured with a light microscope (magnification x200; Olympus Corporation) ([@b18-etm-0-0-8847]).

### Western blotting

After transfection for 48 h, total protein was extracted from A549 and Calu3 cells using RIPA lysis buffer (Beyotime Institute of Biotechnology) at 30 min on ice. For nuclear protein extraction, A549 and Calu3 cells were isolated in cell lysis buffer \[5 mM PIPES, pH 8.0, 0.85 mM KCl, 0.5% NP40 and 1% protein inhibitor mixture (Sigma-Aldrich; Merck KGaA)\] for 30 min on ice and centrifuged at 1,000 x g for 20 min at 4˚C. The supernatant was then removed, where the cell pellet was incubated -1in nuclear lysis buffer \[50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS and 1% protein inhibitor mixture (Sigma-Aldrich; Merck KGaA)\] for 30 min on ice and centrifuged at 10,000 x g for 20 min at 4˚C to isolate the nuclear protein. Protein was quantified using the bicinchoninic acid assay kit (Pierce; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol and 40 µg protein/lane was separated via SDS-PAGE on a 10% gel. The separated proteins were subsequently transferred onto polyvinylidene fluoride membranes (EMD Millipore) and blocked with Tris Buffered Saline with 0.1% Tween 20 supplemented with 5% non-fat dry milk at room temperature for 1 h. The membranes were incubated with primary antibodies against β-catenin (1:4,000; cat. no. ab32572; Abcam), c-Myc (1:1,000; cat. no. 10828-1-AP; ProteinTech Group, Inc.), cyclin D1 (1:1,000; cat. no. 2978; Cell Signaling Technology, Inc.), GAPDH (1:5,000; cat. no. 60004-1-Ig; ProteinTech Group, Inc.), lamin B1 (1:3,000; cat. no. ab16048; Abcam), p53 (cat. no. 2527, 1:1,000, Cell Signaling Technology, Inc.) and phosphorylated p53 (cat. no. ab1431; 1:1,000; Abcam) overnight at 4˚C. Following the primary incubation, membranes were incubated with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:4,000; cat. no. ab6721; Abcam) for 1 h at room temperature. Membranes were then washed three times with PBS supplemented with Tween 20 (15 min/wash). Protein bands were visualized using the enhanced chemiluminescent substrate kit (Abcam) and Image Lab™ software (version 2.0; Bio-Rad Laboratories, Inc.). Protein expression levels were analyzed using the ImageJ software (version 1.41; National Institutes of Health). GAPDH was used as the internal control.

### Dual-luciferase reporter assay

The transcription factor 7 (TCF) reporter assay (TOP/FOP) was performed using the Dual-Glo luciferase assay kit (Promega Corporation), to assess activity of the Wnt/β-catenin signaling pathway. A total of 5x10^4^ A549 or Calu3 cells were seeded into 24-well plates and incubated in RPMI-1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin at 37˚C in 5% CO~2~ overnight. Subsequently, cells were co-transfected with 100 ng TOP/FOP flash vector (Promega Corporation), internal control pRL-TK *Renilla* luciferase vector (10 ng) and control mimic or miR-140-3p mimics (50 nM) using Lipofectamine^®^ 2000. After transfection for 48 h, both firefly and *Renilla* luciferase activities were detected in duplicate/triplicate, according to the manufacturer\'s protocol ([@b35-etm-0-0-8847]). Firefly luciferase activity was normalized to *Renilla* luciferase activity.

### Statistical analysis

Statistical analysis was performed using SPSS software (version 19.0; IBM Corp.). Data are presented as the mean ± standard deviation. Log-rank test was used to determine the statistical significance of Kaplan-Meier overall survival (OS) data of patients. Student\'s t-test was used to evaluate the differences between two groups, whilst one-way ANOVA followed by Bonferroni post-hoc test was used to measure differences among three groups and a two-way ANOVA with Bonferroni\'s correction\'s was used for between-subject statistical analyses. All experiments were performed in triplicate. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-140-3p is downregulated in LUAD and positively associated with overall survival OS of patients

miR-140-3p expression was assessed in normal lung tissues and LUAD samples in the GSE74190 dataset downloaded from the Gene Expression Omnibus database (<https://www.ncbi.nlm.nih.gov/gds/?term>). The results demonstrated that miR-140-3p expression was significantly lower in LUAD samples compared with that in normal lung tissues (P\<0.0001; [Fig. 1A](#f1-etm-0-0-8847){ref-type="fig"}), which was consistent with findings from The Cancer Genome Atlas (TCGA) database (P\<0.0001; [Fig. 1B](#f1-etm-0-0-8847){ref-type="fig"}). Survival analysis of LUAD data from TCGA database demonstrated that patients with low miR-140-3p expression levels exhibited significantly lower OS rate compared with those with high miR-140-3p expression levels (P=0.023; [Fig. 1C](#f1-etm-0-0-8847){ref-type="fig"}). RT-qPCR analysis subsequently indicated that miR-140-3p expression was significantly lower in LUAD cell lines (A549, H292, H1299 and Calu3) compared with human normal bronchial epithelial BEAS-2B cells, particularly in A549 and Calu3 cells (P\<0.01; [Fig. 1D](#f1-etm-0-0-8847){ref-type="fig"}). These two cell lines (A549 and Calu3) were therefore selected for further experimentation. Taken together, these results suggest that miR-140-3p expression was downregulated in LUAD and positively associated with the OS of patients.

### miR-140-3p enhances the sensitivity of LUAD cells to cisplatin

miR-140-3p has been reported to serve as a key tumor suppressor in several types of malignancies, where patients with lower miR-140-3p expression levels had poor prognoses (28-31,33). Therefore, the present study hypothesized that upregulated miR-140-3p expression may be beneficial for the treatment of patients with LUAD. Cisplatin is frequently used as the first-line treatment for NSCLC, which has been reported to improve survival outcomes ([@b6-etm-0-0-8847]). The effect of miR-140-3p on LUAD cisplatin sensitivity was investigated in the present study. miR-140-3p mimics or control mimics were first transfected into A549 and Calu3 cells, where miR-140-3p expression was significantly higher in the two cell lines transfected with the miR-140-3p mimic compared with those transfected with the control mimic (P\<0.01; [Fig. 2A](#f2-etm-0-0-8847){ref-type="fig"}). Results from colony formation assay demonstrated that fewer cells survived in the group overexpressing the miR-140-3p mimic treated with cisplatin compared with cells transfected with the control mimic ([Fig. 2B](#f2-etm-0-0-8847){ref-type="fig"}). MTT assay indicated that cell viability was significantly decreased in cells transfected with the miR-140-3p mimic treated with different concentrations (A549 cells, 4, 6 and 8 µg/ml; Calu3 cells, 2, 4 and 6 µg/ml) of cisplatin compared with those transfected with the control mimic (P\<0.05 and P\<0.01; [Fig. 2C](#f2-etm-0-0-8847){ref-type="fig"} and [D](#f2-etm-0-0-8847){ref-type="fig"}). Subsequently, the effect of miR-140-3p on cell apoptosis was measured by assessing caspase-3 activity, following treatment with cisplatin. Caspase-3 activity was found to be significantly increased following miR-140-3p overexpression compared with that in the control mimics group after treatment with cisplatin (P\<0.05 and P\<0.01; [Fig. 2E](#f2-etm-0-0-8847){ref-type="fig"} and [F](#f2-etm-0-0-8847){ref-type="fig"}). Collectively, these results suggest that miR-140-3p enhanced sensitivity of LUAD cells to cisplatin.

### miR-140-3p decreases stem cell-like properties of LUAD cells

The presence of CSCs is considered a predominant cause of chemoresistance ([@b36-etm-0-0-8847]). Therefore, the present study investigated the effects of miR-140-3p on the stem cell-like properties in LUAD cells. Flow cytometry analysis of the CSC marker CD133 demonstrated that miR-140-3p overexpression significantly reduced the percentage of CD133^+^ cells compared with the control mimic group (P\<0.01; [Fig. 3A](#f3-etm-0-0-8847){ref-type="fig"} and [B](#f3-etm-0-0-8847){ref-type="fig"}). Tumor sphere formation assay indicated that cells transfected with the miR-140-3p mimic formed fewer and smaller spheres compared with cells transfected with the control mimic (P\<0.05; [Fig. 3C](#f3-etm-0-0-8847){ref-type="fig"}). RT-qPCR analysis also demonstrated significantly reduced expression levels of genes associated with stemness (SOX2, OCT4, KLF4, NANOG and ABCG2) in cells overexpressing the miR-140-3p mimic compared cells transfected with the control mimic (P\<0.01; [Fig. 3D](#f3-etm-0-0-8847){ref-type="fig"} and [E](#f3-etm-0-0-8847){ref-type="fig"}). Taken together, these results suggest that miR-140-3p overexpression can attenuate stem cell-like properties of LUAD cells.

### miR-140-3p attenuates the stem cell-like properties and cisplatin resistance in LUAD cells by inhibiting the Wnt/β-catenin signaling

The Wnt/β-catenin signaling pathway is speculated to serve a key role in the self-renewal capacity of CSCs and is activated in several types of human malignancies including LUAD ([@b37-etm-0-0-8847]). Therefore, the present study hypothesized that upregulated miR-140-3p expression may repress the Wnt/β-catenin signaling, thereby attenuating the stem cell-like properties and cisplatin resistance in LUAD. The results demonstrated that transfection of both LUAD cell lines with the miR-140-3p mimic significantly reduced the mRNA and protein expression levels of β-catenin, c-Myc and cyclin D1 compared with cells transfected with control mimics (P\<0.05; [Fig. 4A-D](#f4-etm-0-0-8847){ref-type="fig"}). In addition, the dual-luciferase assay suggested that β-catenin/TCF transcriptional activity was significantly reduced in cells co-transfected with miR-140-3p mimic compared with cells transfected with control mimic (P\<0.01; [Fig. 4E](#f4-etm-0-0-8847){ref-type="fig"}).

The present study investigated whether Wnt/β-catenin signaling mediated the miR-140-3p-attenuated stem cell-like properties and cisplatin resistance. The results demonstrated that β-catenin expression on both protein and mRNA levels were significantly increased in A549 and Calu3 cells following transfection with plasmids overexpressing β-catenin compared with cells transfected with the vector plasmids (P\<0.01; [Fig. 5A](#f5-etm-0-0-8847){ref-type="fig"} and [B](#f5-etm-0-0-8847){ref-type="fig"}). The levels of total and nuclear β-catenin were found to be restored by co-transfecting the β-catenin plasmid with the miR-140-3p mimic in LUAD cells (P\<0.05; [Fig. 5C](#f5-etm-0-0-8847){ref-type="fig"}). Co-transfecting LUAD cells with the β-catenin plasmid also significantly reversed the inhibitory effects of miR-140-3p mimics on β-catenin/TCF transcriptional activity (P\<0.05; [Fig. 5D](#f5-etm-0-0-8847){ref-type="fig"}), CD133^+^ expression (P\<0.05; [Fig. 5E](#f5-etm-0-0-8847){ref-type="fig"}), sphere formation ability (P\<0.05; [Fig. 5F](#f5-etm-0-0-8847){ref-type="fig"}). Co-transfection with the β-catenin plasmid also reversed the effects of miR-140-3p on cell viability and antiapoptotic ability, in response to cisplatin treatment (P\<0.05; [Fig. 6A-D](#f6-etm-0-0-8847){ref-type="fig"}). In addition, the status of p53 in the assessed LUAD cell lines were investigated further but no significant difference was found between cells transfected with the miR-140-3p mimic and those transfected with the control mimic at protein level (data not shown), suggesting that these phenotypic changes mediated by miR-140-3p are p53-independent. Taken together, these results suggest that miR-140-3p attenuated stem cell-like properties and cisplatin resistance in LUAD by repressing the Wnt/β-catenin signaling.

Discussion
==========

Increasing evidence suggests that miRNAs serve key roles in regulating NSCLC progression, therapeutic resistance and stem cell-like properties, all of which constitute an obstacle to the successful treatment of NSCLC ([@b25-etm-0-0-8847],[@b38-etm-0-0-8847],[@b39-etm-0-0-8847]). The present study investigated the significance of miR-140-3p expression in LUAD. Based on publicly available data from the GEO and TCGA databases, the results demonstrated that miR-140-3p expression was significantly lower in LUAD samples compared with normal lung tissues, which was found to be positively associated with patient survival, suggesting that miR-140-3p may function as an effective prognostic marker for patients with LUAD.

Although cisplatin is applied extensively for treating LUAD ([@b40-etm-0-0-8847]), chemotherapy resistance continues to be a major challenge. Therefore, increasing the cisplatin sensitivity of LUAD cells can serve as a useful therapeutic strategy. Huang *et al* ([@b32-etm-0-0-8847]) previously reported that miR-140-3p served as a tumor suppressor in LUSC, whilst Li *et al* ([@b30-etm-0-0-8847]) demonstrated that miR-140-3p enhanced the sensitivity of hepatocellular carcinoma cells to sorafenib. Therefore, the present study hypothesized that miR-140-3p may regulate the development of cisplatin sensitivity in LUAD. The combined results of the colony formation, MTT and caspase-3 assays demonstrated that upregulation of miR-140-3p expression enhanced the sensitivity of LUAD cells to cisplatin. Accumulating evidence supports the hypothesis that CSCs contribute to one of the major mechanisms of tumor cell chemoresistance ([@b41-etm-0-0-8847],[@b42-etm-0-0-8847]). Therefore, the stem cell-like properties of LUAD cells were also investigated in the present study. The results indicated that upregulating miR-140-3p expression reduced the CD133^+^ cell population, attenuated tumor sphere formation and decreased the expression of pluripotency factors in LUAD cells. Taken together, these results suggest that miR-140-3p may serve a key role in regulating sensitivity to cisplatin and the stem cell-like properties of LUAD cells, thereby acting as a therapeutic target in LUAD.

Over the past few decades, key pathways involved in maintaining cancer stem cell-like properties, including the Wnt/β-catenin, Notch and Hedgehog signaling pathways, have garnered widespread attention ([@b43-etm-0-0-8847],[@b44-etm-0-0-8847]). In particular, the Wnt/β-catenin signaling pathway has become prominent in studies involving NSCLC, since targeting this signaling pathway has been demonstrated to improve anti-CSC-based treatment efficacy ([@b18-etm-0-0-8847]). Therefore, the present study investigated the effects of miR-140-3p on activation of the Wnt/β-catenin signaling pathway. It was found that the upregulation of miR-140-3p repressed Wnt/β-catenin signaling activation, whilst reactivation of Wnt/β-catenin signaling by β-catenin overexpression partially restored cisplatin resistance and cancer stem cell-like properties of LUAD cells. In addition, considering that the tumor suppressor p53 appears to be at the center of tumor-associated events, including stemness and treatment resistance ([@b45-etm-0-0-8847],[@b46-etm-0-0-8847]), the present study further investigated the status of p53 in the assessed LUAD cell lines, though no significant difference was observed between cells transfected with the miR-140-3p mimic and control mimic at protein level (data not shown), suggesting that these phenotypic changes mediated by miR-140-3p are p53-independent. Taken together, results of the present study indicate that miR-140-3p/Wnt/β-catenin signaling had a notable effect on cancer stem cell-like properties, which may serve a novel regulatory role in the development of cisplatin resistance in patients with LUAD.

The present study had certain limitations. Despite concluding that miR-140-3p expression was downregulated in LUAD, it lacked sufficient data to prove the abnormal expression of miR-140-3p in cisplatin-resistant patient tissues or cell lines. Despite demonstrating that miR-140-3p was positively associated with OS of patients with LUAD, whether miR-140-3p affects the prognosis of patients following treatment with cisplatin requires further investigation.

To the best of our knowledge, the present study was the first to demonstrate that miR-140-3p enhanced cisplatin sensitivity and attenuated stem cell-like properties, by repressing Wnt/β-catenin signaling in LUAD cells. Taken together, results of the present study suggest that miR-140-3p may serve a role as an effective treatment target, whereby targeting miR-140-3p may increase the efficacy of cisplatin in patients with LUAD.
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![miR-140-3p expression is downregulated in LUAD, which is in turn positively associated with OS of patients. Comparison of miR-140-3p expression between LUAD samples and normal lung tissues in data obtained from the (A) GSE74190 dataset from Gene Expression Omnibus and (B) TCGA database. (C) Kaplan-Meier OS analysis of patients with LUAD, downloaded from TCGA database. (D) Reverse transcription-quantitative PCR analysis of miR-140-3p expression in the lung epithelial cell line BEAS-2B and four LUAD cell lines A549, H292, H1299 and Calu3. Data are presented as the mean ± standard deviation from three independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. BEAS-2B. miR, microRNA; LUAD, lung adenocarcinoma; OS, overall survival; TCGA, The Cancer Genome Atlas; N, normal tissue; T, tumor tissue.](etm-20-02-1664-g00){#f1-etm-0-0-8847}

![miR-140-3p enhances the sensitivity of LUAD cells to cisplatin. (A) Reverse transcription-quantitative PCR analysis of miR-140-3p expression in the A549 and Calu3 cell lines following transfection with the miR-140-3p mimic or the control mimic. (B) Colony formation of A549 and Calu3 cells following transfection with the miR-140-3p mimic or the control mimic and 5 µg/ml cisplatin treatment. Cell viability of (C) A549 and (D) Calu3 cells as determined by MTT assay, following transfection with the miR-140-3p mimic or the control mimic and then treatment with different concentrations of cisplatin. Caspase-3 activity of (E) A549 and (F) Calu3 cells was determined by caspase-3 assay, following transfection with the miR-140-3p mimic or the control mimic and then treatment with 5 µg/ml cisplatin. All experiments were performed in triplicate and data are presented as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control mimic. miR, microRNA; LUAD, lung adenocarcinoma.](etm-20-02-1664-g01){#f2-etm-0-0-8847}

![miR-140-3p attenuates the stem cell-like properties of LUAD cells. The percentage of CD133^+^ cells in (A) A549 and (B) Calu3 cells was analyzed by flow cytometry. (C) Representative images and the number of spheres with diameter \>100 µm formed of A549 and Calu3 cells following transfection with miR-140-3p or the control mimic. mRNA expression levels of SOX2, OCT4, KLF4, NANOG and ABCG2 in (D) A549 and (E) Calu3 cells following transfection with miR-140-3p or the control mimic. Data are represented as the mean ± standard deviation from three independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control mimic. Scale bar, 100 µm. miR, microRNA; LUAD, lung adenocarcinoma; CD133, cluster of differentiation 133; SOX2, SRY-Box 2; OCT4, Octamer-binding transcription factor 4; KLF4, Kruppel like factor 4; ABCG2, ATP binding cassette subfamily G member 2; PE, phycoerythrin; FSC, Forward versus side scatter.](etm-20-02-1664-g02){#f3-etm-0-0-8847}

![miR-140-3p represses Wnt/β-catenin signaling in LUAD. mRNA expression levels of (A) total β-catenin, (B) c-Myc and (C) cyclin D1 in A549 and Calu3 cells following transfection with miR-140-3p or the control mimic. (D) Protein expression levels of total β-catenin, c-Myc and cyclin D1 following transfection with miR-140-3p or the control mimic. (E) TOP/FOP flash activity in A549 and Calu3 cells following transfection with miR-140-3p or the control mimic. Data are presented as the mean ± standard deviation from three independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control mimic. miR, microRNA; LUAD, lung adenocarcinoma.](etm-20-02-1664-g03){#f4-etm-0-0-8847}

![miR-140-3p attenuates the stem cell-like properties in LUAD by suppressing Wnt/β-catenin signaling. (A) Protein and (B) mRNA expression levels of β-catenin in A549 and Calu3 cells following transfection with either the empty vector or vector expressing β-catenin. ^\*\*^P\<0.01 vs. vector. (C) Protein levels of total and nuclear β-catenin, ^\*^P\<0.05 vs. vector + miR-140-3p mimic; ^\*\*^P\<0.01 vs. vector + control mimic. (D) TOP/FOP flash activity, ^\*^P\<0.05 vs. vector + miR-140-3p mimic, ^\*\*^P\<0.01 vs. vector + control mimic. (E) number of spheres with diameter \>100 µm formed by A549 and Calu3 cells. Scale bar, 100 µm. ^\*^P\<0.05 vs. vector + miR-140-3p mimic, ^\*\*^P\<0.01 vs. vector + control mimic. (F) percentage of CD133^+^ cells analyzed using flow cytometry following co-transfection with either the empty vector or vector expressing β-catenin and miR-140-3p mimic or the control mimic. ^\*^P\<0.05 vs. vector + miR-140-3p mimic, ^\*\*^P\<0.01 vs. vector + control mimic. Data are represented the mean ± standard deviation from three independent experiments. miR, microRNA; LUAD, lung adenocarcinoma; CD133, cluster of differentiation 133; *ctnnb1*, β-catenin gene.](etm-20-02-1664-g04){#f5-etm-0-0-8847}

![miR-140-3p overexpression enhances cisplatin sensitivity by suppressing Wnt/β-catenin signaling. Cell viability of (A) A549 and (B) Calu3 cells was determined by MTT assay, following co-transfection with either the empty vector or vector expressing β-catenin and miR-140-3p mimic or the control mimic, followed by treatment with different concentrations of cisplatin. ^\*^P\<0.05 vs. vector + miR-140-3p, ^\*\*^P\<0.01 vs. vector + control mimic. Caspase-3 activity of (C) A549 and (D) Calu3 cells was determined using caspase-3 assay, following co-transfection with either the empty vector or vector expressing β-catenin and miR-140-3p mimic or the control mimic, followed by treatment with cisplatin. Data are presented as the mean ± standard deviation from three independent experiments. ^\*^P\<0.05 vs. vector + control mimic, ^\*\*^P\<0.01 vs. vector + control mimic, ^\#^P\<0.05 vs. vector + miR-140-3p mimic. miR, microRNA; ctnnb1, β-catenin gene.](etm-20-02-1664-g05){#f6-etm-0-0-8847}

###### 

Primer sequences used for reverse transcription-quantitative PCR.

  Primer       Forward (5\'-3\')         Reverse (5\'-3\')
  ------------ ------------------------- --------------------------
  OCT-4        GAAGGATGTGGTCCGAGTGT      GTGAAGTGAGGGCTCCCATA
  SOX-2        ACACCAATCCCATCCACACT      GCAAACTTCCTGCAAAGCTC
  KLF-4        ACCCACACAGGTGAGAAACC      ATGTGTAAGGCGAGGTGGTC
  NANOG        TTCCTTCCTCCATGGATCTG      ATCTGCTGGAGGCTGAGGTA
  ABCG2        GTGGCCTTGGCTTGTATGAT      AACAATTGCTGCTGTGCAAC
  GAPDH        AACGGATTTGGTCGTATTG       GGAAGATGGTGATGGGATT
  β-catenin    AAAGCGGCTGTTAGTCACTGG     CGAGTCATTGCATACTGTCCAT
  c-Myc        GGCTCCTGGCAAAAGGTCA       CTGCGTAGTTGTGCTGATGT
  Cyclin D1    CAATGACCCCGCACGATTTC      CATGGAGGGCGGATTGGAA
  miR-140-3p   CAGTGCTGTACCACAGGGTAGA    TATCCTTGTTCACGACTCCTTCAC
  U6           CTCGCTTCGGCAGCACATATACT   ACGCTTCACGAATTTGCGTGTC

OCT4, Octamer-binding transcription factor 4; SOX2, SRY-Box 2; KLF4, Kruppel like factor 4; ABCG2, ATP binding cassette subfamily G member 2; miR, microRNA.
